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The axion is a hypothetical particle still undetected in experiments. Recently, the antiferro-
magnetic topological insulator MnBi2Te4 has been predicted to host the axion insulator, but the
experimental evidence remains elusive. We propose a nonlocal surface transport device to detect the
axion insulator. The axion insulator is characterized by “half-quantized” chiral currents, which run
parallel at the hinges of the top and bottom surfaces. The proposed device has multiple electrodes
on each surface. By applying a current between two neighbouring electrodes and measuring nonlocal
voltages between other electrodes, the “half-quantized” chiral currents in the axion insulator show
distinct nonlocal surface transport properties, compared to those in normal insulators. In this way,
the axion insulator can be identified. More importantly, we show that the nonlocal surface transport
in the axion insulator is robust against disorder. This proposal will be insightful for the search of
the axion insulator and axion in topological matter.
Introduction.– The axion is an elementary particle
postulated to resolve the strong CP problem in quan-
tum chromodynamics, but remains invisible in experi-
ments [1]. Recently, the antiferromagnetic topological
insulator has attracted great attention [2–6]. One of
the reasons is that its axion insulator phase shares the
axionic electromagnetic response [7–12], which corrects
Maxwell’s equations and leads to a half-quantized surface
Hall conductance [13–15]. In MnBi2Te4 [16–27], the sig-
natures for the quantized anomalous Hall effect and ax-
ion insulator have been experimentally reported [20, 21].
Specifically, a zero Hall conductance is regarded as a re-
sult of the cancelled half-quantized surface Hall conduc-
tances in the axion insulator [nz → 0 in Figs. 1(b)-(c)].
However, the zero Hall conductance also exists in a nor-
mal insulator. Therefore, seeking signatures for the axion
insulator is still an open problem.
In this Letter, we propose that the axion insulator can
be distinguished by measuring the nonlocal surface re-
sistance in a device of the antiferromagnetic topological
insulator [Fig. 2]. We numerically calculate the surface
transport for MnBi2Te4 for different septuple layers with
a lattice model and realistic parameters. MnBi2Te4 is
formed by stacked septuple layers. The neighbouring sep-
tuple layers have opposite magnetization directions. For
even (odd) septuple layers, the chiral currents on the two
surfaces propagate along the opposite (same) directions
[Figs. 1(a)-(b)], forming an axion insulator (a thick Chern
insulator). Because of the half-quantized chiral currents,
the axion insulator shows distinct nonlocal surface trans-
port, compared to the Chern insulator and normal in-
sulator. More importantly, we show that the nonlocal
surface transport in the axion insulator is robust against
disorder. Our results will be helpful for the ongoing and
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FIG. 1. For the antiferromagnetic topological insulator
MnBi2Te4, (a) odd septuple layers host the Chern insulator
phase with parallel half-quantized chiral currents on the top
and bottom surfaces, and (b) even septuple layers may sup-
port the axion insulator with opposite half-quantized chiral
currents. (c) The surface Hall conductance on the top and
bottom surface as functions of the number of septuple layers
nz. Red line and blue circle (red circle and blue line) cor-
respond to the top and bottom surface of an even (odd) nz,
respectively. The Fermi energy EF = 0.001 eV.
future search for the axion insulator.
Nonlocal surface transport.– The axion insulator is
characterized by the opposite “half-quantized” chiral cur-
rents [Fig. 1(b)] due to its axion electromagnetic re-
sponse. Detecting unique transport of the chiral current
can help to identify the axion insulator. If a sample is
thick enough, electrodes can be attached to only the top
or only the bottom surface, as shown in Fig. 2, allow-
ing the surface transport to be probed, respectively. For
each surface, there are six electrodes, 1-6 (1′-6′) on the
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FIG. 2. Schematic illustration of the 3D device with six electrodes on the (a) top and (b) bottom septuple layers, respectively.
(c-j) show the numerically calculated nonlocal surface resistances defined as R = V/I in the insets. In (c-j), the red line and
blue circle (red circle and blue line) correspond to the top and bottom surface of an even (odd) nz, respectively.
top (bottom) surface [Figs. 2(a)-(b)]. A current I is ap-
plied between electrodes 1 and 2 (1′ and 2′) on the top
(bottom) surface, and a nonlocal voltage V is measured
between two electrodes on the same surface [Figs. 2(c-j)].
The nonlocal resistance is defined as R = V/I.
For a given surface, assuming that there are nL clock-
wise and nR anticlockwise chiral currents, the nonlocal
resistances can be analytically found for the 8 configura-
tions in Figs. 2(c-j) as [28, 29]
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For odd-layer films, the half-quantized chiral currents
on the top and bottom surfaces are parallel, i.e., nL = 0
TABLE I. The resistances R1
(′)2(′),p(′)q(′)
e/o obtained from the
analytical Eq. (1) for the configurations in Figs. 2(c-j).
p, q 2, 6 3, 1 5, 1 2, 4 2, 3 6, 1 4, 5 3, 6
R12,pqe
(
h/e2
)
2 0 0 2 2 0 0 0
R1
′2′,p′q′
e
(
h/e2
)
0 2 2 0 0 2 0 0
R12,pqo
(
h/e2
)
0 2 2 0 0 2 0 0
R1
′2′,p′q′
o
(
h/e2
)
0 2 2 0 0 2 0 0
and nR = 1/2 for both top and bottom surfaces. For
even-layer films, the half-quantized chiral currents are
opposite, i.e., nL = 0 and nR = 1/2 on the top and
nL = 1/2 and nR = 0 on the bottom surface. The an-
alytical values for the resistances are shown in Tab. I.
For even layers, the nonlocal resistances on the two sur-
faces have different values for most of the cases, except
that the cases for p, q = 4, 5 and p, q = 3, 6. For odd
layers, the two surfaces always have the same resistance.
Therefore, the axion insulator in even layers and Chern
insulator in odd layers would show distinct nonlocal sur-
face transport properties. More importantly, the normal
insulator has no such nonlocal resistance because it has
no chiral current [28]. Therefore, the unique nonlocal re-
sistance can be used to distinguish the axion insulator
from normal insulators.
Above is the ideal case. In real materials, the side sur-
faces and disorder also contribute, so nL and nR are not
3perfectly half-quantized. Below we will verify the above
proposal by using a realistic model and simulations.
Model.– For numerical calculations, we use an effective
model for MnBi2Te4 regularized on a stacked hexagonal
lattice [23]
H =
(
h+MA · s⊗ σ0 hAB
h†AB h+MB · s⊗ σ0
)
, (2)
with the intra-layer part h = [C˜ - (4/3)C2 (cos k1 +
cos k2 + cos k3)] I4 +(v/3) (2 sin k1 + sin k2 + sin k3)
Γ1 +(v/
√
3) (sin k2 − sin k3) Γ2 +[M˜ - (4/3)M2(cos k1 +
cos k2 + cos k3)]Γ4, the inter-layer part hAB =
−2C1 cos kzI4 + vz sin kzΓ3 − 2M1 cos kzΓ4. The lattice
constants a1 = (1, 0, 0) ,a2 =
(
1,
√
3, 0
)
/2,a3 = (0, 0, 1).
The wave vectors k1 = kx, k2 =
(
kx +
√
3ky
)
/2 , k3 =
k1 − k2 =
(
kx −
√
3ky
)
/2. I is the identity matrix, Γi =
si⊗σ1 for i = 1, 2, 3, Γ4 = s0⊗σ3, M˜ = M0+2M1+4M2,
and C˜ = C0+2C1+4C2. si and σi are the Pauli matrices.
Mk = m (cosφk sin θk, sinφk sin θk, cos θk) with angles φk
and θk for k = A,B. The antiferromagnetic order is de-
scribed by (φA, θA) = (0, 0) and (φB , θB) = (0, pi). For a
realistic simulation, we use the parameters transformed
from those in the k ·p model [16, 28], C0 = C1 = C2 = 0,
M0 = −0.1165 eV, M1 = 11.9048 eVA˚2, M2 = 9.4048
eVA˚2, vz = 2.7023 eVA˚, v = 3.1964 eVA˚, and m = 0.1
eV, which describes the A-type antiferromagnetic topo-
logical insulator in MnBi2Te4.
The model describes a topological insulator with two
gapped surface states on the top and bottom surfaces.
The surface gaps are due to the breaking of the combined
antiferromagnetic time-reversal symmetry ΘM . The
Chern number C of the bands below the band gap is
C = 1 for odd layers and C = 0 for even layers [16–27].
This oscillation of the Chern number is believed to be at-
tributed to the half-quantized surface Hall conductance
σ = e2/2h or −e2/2h from the “half-quantized” chiral
currents [Fig. 1]. The sign ± depends on the magnetiza-
tion, which reverses from one septuple layer to another in
antiferromagnetic topological insulator [13, 17]. For odd
layers, the two surfaces have the same magnetization, so
the half-quantized surface Hall conductances of the top
and bottom surfaces add up to give rise to a Chern insula-
tor characterized by C = 1. By contrast, for even layers,
the half-quantized surface Hall conductances of the top
and bottom surfaces cancel as the two surfaces have the
opposite magnetization, which results in the axion insu-
lator characterized by C = 0. The chiral mode emedding
in the gapless side surface states, which are responsible
for the half-quantized surface anomalous Hall effect, have
been numerically verified using first-principles calcula-
tions [30].
Numerical results of surface transport.– We calcu-
late the nonlocal surface transport [31] by using the
Landauer-Bu¨ttiker-Fisher-Lee formula [32–34] and the
recursive Green’s function method [35, 36]. At zero tem-
perature, the current flowing into electrode p is given by
Ip =
e2
h
∑
q 6=p
Tpq(EF )(Vp − Vq), (3)
where Vp is the voltage at electrode p, Tpq is the trans-
mission coefficient from electrode q to p. For the present
case, there are 6 electrodes for each of top and bottom
surfaces, so Tpq is a 6×6 matrix. For example, for even
layer nz = 200, we have
Te =

0 0.72 0.03 0.01 0.03 0.18
0.18 0 0.72 0.03 0.01 0.03
0.03 0.18 0 0.72 0.03 0.01
0.01 0.03 0.18 0 0.72 0.03
0.03 0.01 0.03 0.18 0 0.72
0.72 0.03 0.01 0.03 0.18 0
 , (4)
and
T ′e =

0 0.18 0.03 0.01 0.03 0.72
0.72 0 0.18 0.03 0.01 0.03
0.03 0.72 0 0.18 0.03 0.01
0.01 0.03 0.72 0 0.18 0.03
0.03 0.01 0.03 0.72 0 0.18
0.18 0.03 0.01 0.03 0.72 0
 , (5)
where Te and T
′
e are for the top and bottom surfaces,
respectively.
The two matrices define two counter-propagating
“half-quantized” chiral currents on the opposite sur-
faces [Fig. 1(b)]. For odd layer nz = 201, because the
chiral currents on the opposite surfaces propagate along
the same direction [Fig. 1(a)], we find that
To = T
′
o, (6)
which is equal to T ′e or Te depending on the magnetization
of the surface layer.
Figures 2(c)-(j) show the numerically calculated non-
local resistances for 8 configurations as functions of film
thickness (number of septuple layers nz). In odd lay-
ers, the resistances have the same values for the top and
bottom surfaces. In even layers, the resistances have dis-
tinct values for the two surfaces, except for those in (i-j).
These behaviors can help to detect the axion insulator
in experiments. For thick films in Figs. 2(c)-(j), there
are deviations from the analytic values in Tab. I. This is
due to the gapless surface states on the side surfaces [31],
which leads to nonzero transmission coefficients between
arbitrary two terminals. Moreover, for odd layers, the
resistances approximate the quantized value 0 or h/e2.
For even layers, the resistances of the two surfaces ap-
proach to each other, and increase with decreasing film
thickness.
Figure 1(c) shows the numerical results of the surface
Hall conductance, which can be found from the left-chiral
and right-chiral currents, e.g., e2/h(T 12e −T 21e ) for the top
surface in even layers. For films thick enough, the two
4FIG. 3. Local density of states in the bulk gap of a structure
that is infinite in the x direction but finite in the y and z
directions. Here (b1-b4) and (c1-c4) are taken correspondingly
in the regions 1-4 as illustrated in (a), with nz = 31 and
nz = 30, respectively.
surfaces are found supporting the half-quantized chiral
currents characterized by T pqe/o − T qpe/o ≈ ±1/2 between
the two neighboring terminals p and q. With decreasing
film thickness, the quantum confinement couples the two
surfaces [37–45]. As a result, for even layers, both the top
and bottom surface Hall conductances gradually reduce
to zero, indicating a transition from the axion insulator to
a normal insulator; while for odd layers, both the top and
bottom surface Hall conductances approach e2/h, giving
rise to a transition from thick to 2D Chern insulator.
For the 2D Chern insulator, nL = 0 and nR = 1; for the
normal insulator state, nL = nR → 0, which along with
Eq. (1) explain the results in Figs. 2(c)-(j) as nz → 0.
Above we have shown that the normal insulator, axion
insulator, 2D and thick Chern insulators, can be identi-
fied through the nonlocal surface transport. More impor-
tantly, we also numerically calculate the surface trans-
ports of 3D normal insulators [28], in which the above
nonlocal transport properties are absent. Therefore, we
confirm that the nonlocal transport can be used to dis-
tinguish the axion insulator from normal insulators.
Where is the surface transport from? .– The difference
in the surface transport between the axion insulator and
normal insulator originates from the half-quantized chiral
FIG. 4. (a) The surface Hall conductance and (b-d) the non-
local surface resistances R1
(′)2(′),2(′)6(′)
e/o , R
1(′)2(′),3(′)1(′)
e/o , and
R1
(′)2(′),5(′)1(′)
e/o as functions of the disorder strength U , re-
spectively.
current in the axion insulator. To show that, we study
a geometry that has periodic boundary condition along
the [100]-direction and open boundary conditions along
the [010]- and [001]-directions. We concentrate on the
local density of states at the four corners of the system
as shown in Fig. 3(a).
In odd layers, the non-zero Chern number means the
chiral edge states form the parallel half-quantized chiral
currents. Fig. 3(b1) and Fig. 3(b2) show the nonvanishing
density of states in the bulk band gap at the bottom
surfaces (corners 1 and 2). Here, the linear modes at
corners 1 and 2 in Figs. 3(b1) and (b2) have the dispersion
E = v˜kx and E = −v˜kx, which means that the states at
the left (right) corner move along the positive (negative)
x direction, that is, these states form the chiral current on
the bottom surface. Moreover, for the top surface shown
in Figs. 3(b3) and (b4), there are also chiral currents
parallel with that on the bottom surface. On the side
surfaces of MnBi2Te4, there are massless surface states in
the bulk band gap. The confinement effect can quantize
the side surface states into the subbands with the energies
En = ±v¯
√
k2x + (2pin/nz)
2
, as shown in Figs. 3(b1-b4).
Figs. 3(c1)-(c4) show that in even layers the linear
modes are gapped, but still visible in terms of the larger
weight in the density of states, so there are still chiral
currents. The gap of the chiral modes is induced by the
confinement, as it decreases with thickness L as 1/L. The
patterns in (c3) and (c4) are opposite to those in (c1) and
(c2), showing that the chiral currents on the top and bot-
tom surfaces are opposite in even layers. This explains
5the zero Chern number in thin even layers.
Disorder effect .– Last but not the least, we show that
the nonlocal surface transport is robust against disorder.
We introduce the Anderson-type disorder to the central
scattering region with ∆H =
∑
iWiσ0c
†
i ci, where Wi
is uniformly distributed within [−U/2, U/2], with U be-
ing the disorder strength. In Fig. 4, we compare the
Hall conductance in the local measurement and nonlocal
surface resistance as functions of the disorder strength
U for nz = 200. For weak disorder strength, they are
both stable and show zero fluctuation. When the disor-
der strength is strong (0.2 eV, about the size of the band
gap), there are visible but not large derivations for both
cases, implying the topological nature of the chiral cur-
rents. More importantly, the nonlocal measurement, as
a qualitative signature, does not have to be precise. As
long as the nonlocal signals can be detected, the sample
has already been distinguished from normal insulators.
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